Marine ascidians are a rich source of chemically diverse secondary metabolites, with remarkable biological activities.[@b0005], [@b0010] such as amino acid derivatives and complex alkaloids.[@b0015], [@b0020], [@b0025], [@b0030], [@b0035], [@b0040], [@b0045] In our previous study on bioactive compounds from the solitary tunicate *Herdmania momus*, a series of amino acid derivatives (herdmanines A--M) were isolated.[@b0015], [@b0020] As a part of continuing study on the metabolites of the same tunicate, four new complex nucleosides (**1**--**4**) containing the rare methylsulfinyladenosine were isolated. Details of the isolation, structure elucidation, and of the results of the antiviral screening of these metabolites are described herein.

The combined MeOH and CH~2~Cl~2~ extracts were sequentially partitioned between CH~2~Cl~2~ and H~2~O, and *n*-BuOH and H~2~O. The *n*-BuOH-soluble fraction was subjected to chromatographic separation and purification to yield a series of nucleoside derived metabolites (**1**--**4**).[@b0175] Compounds **1** and **2** were found to be interconvertible, and on standing at room temperature after HPLC separation, each compound afforded the same equilibrium ratio of compound **1**--**2** (56:44). Compounds **3** and **4** were also interconvertible, and on standing at room temperature produced an identical equilibrium mixture (56:44) as that of **1** and **2**. Spectral analysis of these interconvertible compounds was performed on equilibrium mixtures ![](fx2.gif).

The equilibrium mixture of compounds **1** and **2** was a white powder. The (+)-FABMS spectrum of this mixture showed isotopic peaks of \[M+2H\]^+^ and \[M+3H\]^+^ at *m*/*z* 554/552 and 555/553, respectively, with an isotopic peak ratio of 1:1. This pseudomolecular ionic configuration is shared with various other nucleosides and amines.[@b0055] (+)-HRFABMS analysis of the mix of compounds **1** and **2** yielded the molecular formula C~20~H~19~ ^79^BrN~6~O~6~S, with 14 degrees of unsaturation. The ^1^H and ^13^C NMR spectra of this equilibrium mixture revealed isomeric pairs of signals corresponding to two different molecular structures. Each set of signals can be delineated based on COSY, HMQC, and HMBC data. ^1^H and ^13^C NMR spectra indicated the presence of a nucleoside moiety. More specifically, characteristic chemical shifts of C-2 (*δ* ~C~ 145.8), C-4 (*δ* ~C~ 149.4), C-5 (*δ* ~C~ 125.5), C-6 (*δ* ~C~ 157.7), and C-8 (*δ* ~C~ 140.2) for one set of ^13^C NMR signals (compound **1**) suggested that the purine base was adenine, and this was further confirmed by HMBC correlations between H-2 and C-4 and C-6, and between H-8 and C-4 and C-5 ([Fig. 1](#f0005){ref-type="fig"} ). Successive COSY correlations between H-1′and H-5′confirmed that the four oxygenated methines and the oxygenated methylene of compound **1** were linked to form a furanose moiety. The relative stereochemistry of the pentofuranose was deduced from ^1^H--^1^ ^H^ NOESY correlations and ^1^H--^1^ ^H^ coupling constants.[@b0060], [@b0065], [@b0070], [@b0075] Furthermore, a NOESY crosspeak between H-1′ and H-4′ indicated that both protons were on the same face of the ring. The sugar moiety was deduced to be β-[d]{.smallcaps}-ribose, as proven by the coupling constants (H-1′, H-2′, and H-3′) and the comparable specific rotation value of the compound **1**/**2** mixture $({\lbrack\alpha\rbrack}_{\text{D}}^{21} - 58)$, which matches those reported for modified ribose units.[@b0075] The unusual ^1^H and ^13^C NMR chemical shifts of CH~3~-7 and CH~2~-5 were indicative of a sulfoxide group in compound **1**, and the HMBC correlation between the methyl protons (H-7) and C-5′ indicated a methylsulfinylfuranose moiety.[@b0075], [@b0080] The chemical shifts for the anomeric proton and carbon signals (*δ* ~H~ 6.16; *δ* ~C~ 90.2) were consistent with the presence of a C--N glycosidic linkage. HMBC correlations between H-1 and C-4 and C-8 confirmed connection between the furanose unit and the adenine moiety at the expected N-9 position. Further ^1^H NMR analyses and correlations observed in the HMBC spectrum of the mixture indicated the presence of the 6-bromo-5-hydroxy-3-carboxylindolyl moiety, which was previously recognized as a part of the structure of herdmanine E from the same tunicate.[@b0020] The correlation between H-3′ and C-8″ suggested that these two moieties were joined by an ester linkage ([Fig. 1](#f0005){ref-type="fig"}). Based on the above, compound **1** was characterized as (2*S*,3*S*,4*R*,5*R*)-5-(6-amino-9*H*-purin-9-yl)-4-hydroxy-2-\[(methylsulfinyl)methyl\]tetrahydrofuran-3-yl-(6-bromo-5-hydroxy-1*H*-indole)-3-carboxylate and given the trivial name momusine A.Figure 1Selected HMBC and COSY correlations for compound **1**.

The ^1^H and ^13^C NMR spectra of another component (compound **2**) were differed from those of **1** only in splitting patterns and chemical shifts of some of the ribose ring proton signals. The signal for H-3′ (*δ* ~H~ 4.84) was shifted upfield, whilst that of H-2′ (*δ* ~H~ 5.94) was shifted downfield as compared to those of compound **1** (H-3′, *δ* ~H~ 5.63; H-2′, *δ* ~H~ 5.21), indicating an acyl substitution at C-2′, and thereby, deshielding induced by the carbonyl group. This was further confirmed by the HMBC correlation between H-2′ and C-8″ (*δ* ~C~ 164.5) in compound **2**.

Compounds **1** and **2** were interconvertible at room temperature affording an equilibrium mixture of 56:44 ratio. Likewise, a previous study reported that 3′-*O*-acetyl-ADP-ribose is an intramolecular transesterification product of 2′-*O*-acetyl-ADP-ribose produced by the Sir2 family of histone/protein deacetylases and the mixture of 3′- and 2′-aceatate exist in equilibrium (55:45).[@b0085] Other examples of non-enzymatic acyl migration under mild conditions have also been reported.[@b0090], [@b0095], [@b0100], [@b0105] Furthermore, several research groups have studied the stability and/or acyl migration of many *O*-acyl glucuronides, and in all cases, acyl migration occurred when the hydroxyl groups of the glucuronic acid were essentially on the same face of the ring.

The equilibrium mixture of compounds **3** and **4** was also a white powder. The molecular formulas of compounds **3** and **4** were determined to be C~20~H~19~BrN~6~O~6~S based on NMR and MS data. The ^1^H and ^13^C NMR signals of each set of components were delineated based on COSY, HMQC, and HMBC. One set (compound **3**) of ^1^H NMR signals was almost identical to those of compound **1**, with the exception of a slight chemical shift difference at H-5′ ([Table 1](#t0005){ref-type="table"} ). In addition, the carbon signals of C-5′ (*δ* ~C~ 55.0) and C-7′ (*δ* ~C~ 37.3) of compound **3** were shifted slightly upfield versus compound **1** (C-5′, *δ* ~C~ 57.5; C-7′, *δ* ~C~ 38.0) ([Table 2](#t0010){ref-type="table"} ). According to the above evidence, compounds **1** and **3** were deduced to be epimers as has been previously described for 5-deoxy-5-methylsulphinyladenosine[@b0080] and the sulfoxide derivatives,[@b0110] which only differ in their configuration with respect to the position of the sulfoxide group.Table 1^1^H (500 MHz, CD~3~OD) NMR data for compounds **1**--**4**[a](#tblfn1){ref-type="table-fn"}Position**1234***δ*~H~ (*J* in Hz)28.11 (s)8.08 (s)8.11 (s)8.08 (s)88.29 (s)8.26 (s)8.25 (s)8.23 (s)1′6.16 (d, 5.5)6.34 (d, 4.0)6.16 (d, 6.0)6.32 (d, 4.0)2′5.21 (t, 5.5)5.94 (dd, 5.5, 4.0)5.20 (t, 5.5)5.92 (t, 5.5)3′5.63 (dd, 5.5, 4.5)4.84 (m)5.67 (dd, 5.5, 4.0)4.82 (m)4′4.75 (m)4.55 (ddd, 9.5, 6.5, 2.5)4.78 (m)4.63 (ddd, 10.5, 7.5, 4.0)5a′3.58 (dd, 13.0, 10.5)3.46 (dd, 13.0, 10.5)3.53 (dd, 14.0, 7.0)3.46 (dd, 13.5, 9.0)5b′3.32 (m)3.32 (m)3.48 (dd, 13.5, 5.0)3.34 (m)7′2.72 (s)2.73 (s)2.70 (s)2.71 (s)2″8.08 (s)8.04 (s)8.08 (s)8.04 (s)4″7.65 (s)7.59 (s)7.66 (s)7.59 (s)7″7.59 (s)7.57 (s)7.58 (s)7.56 (s)[^1]Table 2^13^C (100 MHz, CD~3~OD) NMR data for compounds **1**--**4**[a](#tblfn2){ref-type="table-fn"}Position**1234***δ*~C~2145.8145.8145.8145.84149.4149.4149.3149.35[b](#tblfn3){ref-type="table-fn"}125.5125.5125.5125.56157.7157.7157.7157.78140.2140.3140.2140.21′90.288.690.288.62′72.674.972.474.53′74.672.974.772.64′76.978.377.078.25′57.557.455.054.57′38.038.137.337.32″133.8133.8133.8133.83″106.8106.8106.8106.83a″126.7126.7126.7126.74″106.0106.0106.0106.05″149.4149.4149.3149.36″105.0105.0105.4105.07″115.8115.8115.8115.87a″131.9131.9131.8131.88″164.5164.5164.5164.5[^2][^3]

Comparisons of the ^1^H and ^13^C NMR data of **4** with those of **1**-**3** suggested that **4** was a 2′--3′ transesterification derivative of compound **3**, and a sulfoxide epimer of compound **2**. Consequently, compounds **1**, **3** and **2**, **4** were deduced to be two pairs of epimers ([Fig. 2](#f0010){ref-type="fig"} A), and this was confirmed by oxidizing the sulfinyl group in mixtures with H~2~O~2~ and subsequent HPLC analysis.[@b0115] The mixtures of **1**/**2** ([Fig. 2](#f0010){ref-type="fig"}B) and of **3**/**4** ([Fig. 2](#f0010){ref-type="fig"}C) were converted to sulfonyladenosine derivatives, and each mixture yielded identical two-component (**5** and **6**) mixtures ([Fig. 2](#f0010){ref-type="fig"}D and E, respectively). This finding indicated that compounds **1**, **3** and **2**, **4** are epimeric at the sulfoxide group. 5′-Deoxy-5′-methylsulfinyladenosine epimers have been isolated from *Ganoderma lucidum*,[@b0080] and reported in onion extracts.[@b0120], [@b0125] Distinct biological activities have also been described for epimers differentiated by sulfoxide-asymmetry.[@b0120], [@b0125] Usually the sulfoxide configuration of natural products is (*S*).[@b0130] In the present study, we tried to determine the absolute stereochemistry of the sulfoxide moiety in compounds **1**--**4** by using MsrA (methionine sulfoxide reductase A, Protein Data Bank code: 1NWA), which selectively reduces *S*-configured sulfoxides.[@b0135] However, neither mixture **1**/**2** nor mixture **3**/**4** was reduced by MrsA,[@b0140] suggesting that these new nucleosides are not good substrates for MsrA and cannot bind properly to the active enzyme site.Figure 2RP HPLC analysis of compounds **1**--**6**. (A) Chromatogram of initial separation of compounds **1**--**4** (*t*~R~ 86.5, 75.6, 93.4, and 71.2 min, respectively; YMC-packed C-8 column, 35% MeOH, flow rate 1.2 mL/min, UV, 220 nm); (B) chromatogram of **1/2** (*t*~R~ 25.39 min/24.57 min); (C) chromatogram of **3**/**4** (*t*~R~ 25.54 min/24.54 min); (D) chromatogram of the oxidation products of **1**/**2** (**5**/**6**, *t*~R~ 16.86/14.76 min); (E) chromatogram of the oxidation products of **3**/**4** (**5**/**6**, *t*~R~ 16.86/14.76 min). RP HPLC condition for B--E was as follows; YMC-packed C-18 column, linear gradient elution system from 5% MeOH (0.1% TFA) to 90% MeOH (0.1% TFA) in 60 min, flow rate 0.5 mL/min, UV, 220 nm.

Rare sponge-derived nucleosides, such as, spongothymidine and spongouridine served as antiviral leads and culminated in antiviral drugs like acyclovir and zanamivir. In some antiviral 5′-deoxyribonucleosides, substitution of a methylsulfonyl group at the 5′-position increased antiviral activity while securing low cytotoxicity.[@b0145] Moreover, 5-hydroxy-6-bromoindole-3-carboxylic acid derivatives display antiviral activities against a number of viruses including influenza A/B/C viruses, avian coronavirus, infectious bronchitis virus, Marek's disease virus, and hepatitis B/C viruses.[@b0150], [@b0155], [@b0160], [@b0165] Therefore, in an expectation of antiviral activity of compounds **1**--**4**,[@b0170] we evaluated them for antiviral activity against human pathogenic viruses. However, none of the isomers showed antiviral activity against human rhinoviruses (HRV14, HRV17, or HEV71, EC~50~ \>100 μg/mL, CC~50~ \>100 μg/mL), coxsackieviruses (CoxB1 or CoxB3, EC~50~ \>100 μg/mL, CC~50~ \>100 μg/mL), or poliovirus (PV3, EC~50~ \>100 μg/mL, CC~50~ \>100 μg/mL). Considering the chemical structure of those nucleoside derivatives, compounds **1**--**4** may exhibit antibacterial, analgesic, sedative, and cardiac depressant activities,[@b0075] however, further biological evaluations could not be performed due to paucity of materials.
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[^1]: Chemical shifts were assigned using COSY and HMBC spectral data.

[^2]: Chemical shifts were assigned based on gHSQC and gHMBC spectral data.

[^3]: No signal was observed in the ^13^C spectrum.
